In this work, the thermal diffusivity of single submicron ͑ϳ800 nm͒ polyacrylonitrile ͑PAN͒ fibers is characterized using the recently developed optical heating and electrical thermal sensing technique. In the experiment, a thin Au film ͑approximately in the nanometer range͒ is coated on the surface of nonconductive PAN fibers. A periodically modulated laser beam is used to irradiate suspended individual fibers to achieve noncontact periodical heating. The periodical temperature response of the sample is monitored by measuring the electrical resistance variation of the thin Au coating. The experimental results for three different synthesized PAN fibers with varying Au coating thickness are presented and discussed.
In this work, the thermal diffusivity of single submicron ͑ϳ800 nm͒ polyacrylonitrile ͑PAN͒ fibers is characterized using the recently developed optical heating and electrical thermal sensing technique. In the experiment, a thin Au film ͑approximately in the nanometer range͒ is coated on the surface of nonconductive PAN fibers. A periodically modulated laser beam is used to irradiate suspended individual fibers to achieve noncontact periodical heating. The periodical temperature response of the sample is monitored by measuring the electrical resistance variation of the thin Au In recent years, the rapid advancement in microelectromechanical and nanoelectromechanical systems places great demand for advanced, reliable, and accurate techniques to characterize the thermophysical properties of different materials at micro-nanoscales. To measure the thermophysical properties of one-dimensional micro-nanostructures, the 3 technique, 1,2 microfabricated devices method, 3-8 and photothermal technique 9 have been developed and employed in the past few years.
For the techniques mentioned above, the 3 method provides a compelling means to characterize the thermal conductivity of conductive materials with sound accuracy. On the other hand, this technique cannot be directly applied to nonconductive nanowires. Theoretically, a thin metallic film can be coated on the outside of nonconductive nanowires to make the 3 technique applicable. However, our extensive experimental work has found substantial difficulty with this technique modification, especially for submicron/nanoscale nonconductive wires. In the experiment, the required electrical heating could result in coating-wire separation and experimental failure. In the microfabricated devices method, one membrane is heated to cause heat conduction through the sample to the other membrane.
3-8 This method is good for characterizing one-dimensional micro-nanoscale structures with short length and sound thermal conductivity, no matter if the sample is conductive or not. For low thermal conductivity nanowires/tubes, the heat transfer by direct radiation between the two membranes could be comparable to the heat conducted by the sample, leading to poor experimental accuracy. The photothermal technique 9 requires the tubes/wires to be well aligned in the direction normal to the substrate.
Motivated to overcome the challenge of characterizing the thermal diffusivity of nonconductive submicron/ nanoscale wires/tubes, in our recent work, 10 a technique based on optical heating and electrical thermal sensing ͑OHETS͒ has been developed for measuring the thermophysical properties of one-dimensional micro-nanostructures.
In this letter, this technique is applied to investigate the thermophysical properties of polyacrylonitrile ͑PAN͒ fibers at the submicron scale. Due to their high surface area and porosity, submicron/nanoscale fibers have found potential applications in many fields as composites, filter medium, tissue scaffolds, and adsorption layers in protection clothing. 11 Little information about the thermophysical properties of submicron/ nanoscale PAN fibers has been reported.
The physical principle of the OHETS method is detailed in our previous work.
10 Figure 1 shows the experimental principle for measuring the thermophysical properties of nonconductive wires. The to-be-measured wire is suspended between two copper electrodes. A thin Au film is coated on the outside of the wire for electrical thermal sensing. The wire is irradiated with a periodically modulated laser beam as shown in Fig. 1 . The periodical laser heating results in a periodical temperature change, leading to a periodic resistance change of the wire. A dc is constantly fed through the coating and its periodical resistance variation will produce a periodical voltage variation across the wire. The thermophysical properties of the wire and the coating will strongly influence the temperature change, which will be reflected by the periodical voltage variation. The phase shift of the voltage variation with respect to the modulated laser beam can be used to determine the thermophysical properties of the sample. The modulation frequency of the laser will be care- fully selected to ensure that the thermal diffusion length within each heating period is much larger than the wire diameter D. As a result, it is physically reasonable to assume that the wire has a uniform temperature distribution in its cross section. Detailed derivation and mathematic expression of the temperature variation of the wire can be found in our recent work. 10 In the experiment, a series of frequencies is chosen to measure the phase shift and data fitting is conducted to determine the thermal diffusivity of the wire.
In our previous work, 10,12 the detailed numerical study showed that the nonuniformity of the laser beam distribution in the OHETS technique has negligible effect on the measured phase shift. In addition, our study 2 also indicated that, based on the experimental conditions in this experiment, the radiation heat loss from the wire surface has negligible effect on the measured phase shift. The real phase shift between the temperature variation and the modulated laser beam is calculated as mea − calc , where mea and calc are the raw measurement data for the voltage variation over the wire and system time delay. This system time delay is calibrated by measuring the phase shift between the modulated laser beam and the synchronizing signal of the function generator. 12 As the diameter of the wire is reduced in the OHETS method, the thin Au coating will have a considerable contribution to the heat conduction. The reason is that the to-bemeasured wire is a low thermal conductivity material while the Au film has a relatively high thermal conductivity. In fact, the measured thermal diffusivity ␣ m is an effective value that includes the effect of the thin metallic coating. The effect of the thin metallic coating on the measured ␣ m can be ruled out using the concept of thermal conductance. The thermal conductance ͑G f ͒ of the thin film coating is defined as G f = A f k f / L, where k f , A f , and L are the thermal conductivity of the film in the axial direction of the wire, crosssectional area of the thin film, and the wire length, respectively. In this work, G f is determined by using the Wiedemann-Franz law, which relates the thermal conductivity ͑k͒ of metal to its electrical conductivity ͑͒ as L Lorenz = k / ͑T͒. 13 The Lorenz number L Lorenz for Au has weak dependence on temperature: 2.35ϫ 10 −8 W ⍀ /K 2 at 0°C and 2.40ϫ 10 −8 W ⍀ /K 2 at 100 C. 13 Based on the WiedemannFranz law, the thermal conductance of the thin film coating can be readily calculated from the measured electrical resistance ͑R͒ of the wire as G f = L Lorenz T 0 / R.
In our experiment, the measured thermal diffusivity is a combined contribution from the wire and Au coating, and can be expressed as
where f and c p,f are the density and specific heat of the Au coating. ␤ = A f / A e is the cross-sectional area ratio of Au coating over the coated wire. Since ␤ Ӷ 1, f c p,f ␤ Ӷ c p ͑1−␤͒ and 1 − ␤ Х 1 the real thermal diffusivity of the wire ͑␣͒ can be obtained as
͑2͒
In this work, the measured submicron PAN fibers are synthesized using the electrospinning technique. In the electrospinning process, the polymer ͑polyacrylonitrile͒ is dissolved into dimethylformamide solvent. A high voltage ͑15-20 kV͒ is applied to a copper wire inserted into the polymer solution in order to generate an electrical field between the solution and a collector. 14, 15 When the electrostatic force overcomes the surface tension, the jetting from the liquid droplet can become a stable cone referred to as the Taylor cone by applying an appropriate electrical potential between the pipette and the collector. 16 The stable conical shape of the jetting provides a way to catch the fibers directly under the pipette using a base with two electrodes.
Three PAN fibers are measured using the OHETS technique. The thickness/diameter of the PAN fiber is around 800 nm and the typical length is around 200 m. Figure 2 shows the scanning electron microscopy ͑SEM͒ image of sample 3 measured in our experiment. The density ͑1.15 ϫ 10 3 kg/ m 3 ͒ and specific heat ͑1.285ϫ 10 3 J/kg K͒ needed in Ea. ͑2͒ take the values of bulk PAN. 17, 18 Table I gives details of the experimental conditions and properties of the PAN fibers characterized in the experiment. Since the connected fiber is not straight, it is divided into several relatively straight sections to measure its length. For each section, we use a caliper to measure the fiber's image length and calculate the real length based on the scale bar in the picture. After experimental data are obtained, theoretical fitting is conducted to obtain the effective thermal diffusivity ͑␣ m ͒. Then Ea. ͑2͒ is employed to determine the real thermal diffusivity ͑␣͒ of the PAN fiber. The phase shift fitting results for the three submicron PAN fibers are shown in Fig. 3 . Sound agreement is obtained between the fitting result and the experimental data. The standard deviation between the fitting result and the experimental data ͑ diff ͒ is shown in Table I . The determined real thermal diffusivities of the submicron PAN fibers are summarized in Table I . Based on the thermal This difference is probably due to structural defects in the PAN fibers. The mean free path of phonons in PAN is estimated to be less than 1 nm based on its bulk property. This scale is much smaller than the thickness ͑ϳ800 nm͒ of the PAN fibers measured in this work. It is expected that the size of the measured PAN fibers will not affect their thermal conductivity. The electrospining technique used to make submicron PAN fibers may induce some structural defects such as nanopores in PAN fibers, which can enhance phonon scattering and reduce the thermal conductivity to a certain extent.
In summary, the OHETS technique was applied to characterize the thermal diffusivity of individual submicron PAN fibers. This represents an early attempt to characterize the thermophysical properties of nonconductive submicron/ nanoscale wires. Our study showed that if the Au film coating is controlled at a reasonable ͑approximately in the nanometer range͒ thickness, the OHETS method can be applied to measure the thermal diffusivity of low thermal conductivity and nonconductive wires of submicron thickness. The measured thermal diffusivity of submicron PAN fibers was a little less than that of bulk PAN, probably due to the structure defects induced during the electrospinning process.
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